Genetic characterization of bone and soft tissue tumors
During the last 20 years, genetic analyses of bone and soft tissue tumors (BSTT) have revealed that most histopathologic entities investigated in sufficient detail are characterized by acquired, clonal chromosome aberrations. Many of these rearrangements are nonrandom and several of them are strongly associated with specific histopathologic tumor subtypes. Cytogenetic studies using chromosome banding techniques have been an important first mapping step that has guided further efforts to identify mutations at the gene level by fluorescence in situ hybridization (FISH), reverse-transcriptase polymerase chain reaction (RT-PCR) and other molecular techniques. Chromosomal comparative genomic hybridization (CGH), and more recently CGH microarray techniques, have revealed many specific amplicons in various sarcomas. The strong association between chromosome or gene rearrangements and tumor subtype has more and more been exploited to aid the diagnostic work. Less conclusive data are available as regards the role of genetic aberrations for disease progression, but there are reports indicating that some genetic changes may provide prognostically important information. Even less is known about the origin of chromosome mutations and the relation between genetic aberrations and abnormal cellular processes associated with tumorigenesis.
Cytogenetic analysis still holds a strong position as a screening technique to detect previously known as well as new chromosome aberrations. However, the resolution level is low-seemingly identical translocations may affect completely dif-Genetic characterization of bone and soft tissue tumors N. Mandahl 1 , F. Mertens 1 , I. Panagopoulos 1 and S. Knuutila 2 ferent genes-and the success rate (the finding of clonal chromosome aberrations) after short-term culturing is typically 50-70% at most laboratories. FISH and molecular genetic analyses are sensitive with a high resolution but have no or poor screening capacity. CGH is another powerful screening technique to detect genomic imbalances. CGH allows analysis of large cell populations at a resolution down to the subband level. Imbalances in tumors with multiple, complex aberrations can be identified with much better precision than by cytogenetics. Conversely, in contrast to CGH, cytogenetics allows detection of balanced rearrangements, genetic heterogeneity and clonal evolution. On the other hand, because chromosome banding analysis is dependent on metaphase cells there is a potential risk that cell populations that are not prone to divide in vitro escape detection. So, with the ambition to do both clinical work and research, several techniques need to be applied.
Spectrum of genetic aberrations
The type and complexity of karyotypes among BSTTs vary widely. The following main cytogenetic patterns may be distinguished: 1. Tumor-specific reciprocal translocations, frequently found as the sole chromosomal aberration. 2. Highly recurrent structural and/or numerical aberrations that are not associated with one particular tumor morphology. 3. Moderately or highly complex, partly nonrandom aberrations, often with distinct cytogenetic variation from cell to cell within the same tumor.
In addition, recurrent amplicons associated with particular tumor subtypes have been identified. Reciprocal translocations specifically associated with a particular tumor histotype have been identified in many BSTTs Mitelman Database of Chromosome Aberrations in Cancer 2003) , including alveolar rhabdomyosarcoma (ARMS), alveolar soft part sarcoma (ASPS), angiomatoid fibrous histiocytoma (AFH), chondroma, clear cell sarcoma (CCS), dermatofibrosarcoma protuberans (DFSP), desmoplastic small round cell tumor (DSRCT), Ewing tumors (ET), extraskeletal myxoid chondrosarcoma (EMC), inflammatory myofibroblastic tumor (IMFT), juvenile fibrosarcoma (JFS), lipoblastoma, lipoma, low grade fibromyxoid sarcoma (LGFS), myxoid liposarcoma (MLS) and synovial sarcoma (SS). Thus, these aberrations are present in both benign and malignant lesions, primarily among soft tissue tumors. At the molecular level, it has been shown that the translocation breakpoints disrupt genes that then form fusion genes as a result of the exchange of chromosome material. Whereas reciprocal translocations result in the formation of two reciprocal fusion genes, some variant rearrangements give rise to only one fusion gene. This happens in complex translocations, involving three or more chromosomes, and, in rare cases, when a small chromosome segment, usually below the detection level of chromosome banding analysis, from one chromosome is inserted into another one. These novel, presumably oncogenic fusion genes, consisting of the 5´-part of one gene and the 3´-part of the other gene, are then transcribed and translated into chimeric proteins. In most cases, one member of these composite genes is a transcription factor gene (Åman, 1999) .
Several tumor types display alternative translocations with one breakpoint in common, each resulting in a specific fusion gene and giving rise to morphologically indistinguishable tumors ( Figure  1 ). Apart from this type of variation, some genes are not only involved with many fusion partners but also in several different tumor types. For exam-
Figure 1. Schematic representation of some gene rearrangements in BSTT. Gene symbols and their chromosomal localization are shown in blue boxes. Double-headed arrows indicate translocations. Resulting tumors are specified in orange elipses. Abbreviations: AFH angiomatoid fibrous histiocytoma, ARMS alveolar rhabdomyosarcoma, C chondroma, CCS clear cell sarcoma, DSRCT desmoplastic small round cell tumor, EMC extraskeletal myxoid chondrosarcoma, ET Ewing tumor, L lipoma, LGFS low grade fibromyxoid sarcoma, MLS myxoid liposarcoma, and SS synovial sarcoma.
ple, EWSR1 has been found to fuse with 5 genes in ET, primarily FLI1 in about 90% of the cases (Figure 1 ). EWSR1 fusion with four other genes, however, results in the development of MLS, CCS, EMC and DSRCT. Also FUS, a gene showing extensive similarity to EWSR1 (Åman et al. 1996) , is promiscuous and fuses with 4 different genes in MLS, LGFS, ES and AFH. Obviously, EWSR1 and FUS are interchangeable to some extent. Both genes have been found to recombine with DDIT3 in MLS, in which FUS is the preferred 5´fusion partner, and with ERG in ET where EWSR1 is by far the most common 5´ partner. Admittedly, only few cases of MLS with EWSR1-DDIT3 and ET with FUS-ERG have been reported, so it remains to be seen whether tumors with common and uncommon fusion genes differ clinically or biologically. Apart from this variation in fusion partners, there is also a heterogeneity at transcript or DNA level, i.e., the exact breakpoint localization within a gene may vary from case to case within the same tumor entity. This gives rise to variants of chimeric transcripts that typically show frequence differences with one or two dominating types. For example, no less than 9 variants of the FUS/DDIT3 fusion transcript have been identified so far in myxoid and mixed myxoid round cell liposarcomas (Panagopoulos et al. 2000) . In the most common variants, type 1 and type 2, FUS exons 5 and 7, respectively, are fused to exon 2 of DDIT3. Also among EMC, 9 different EWSR1/NR4A3 fusion transcripts have been reported (Panagopoulos et al. 2002a ). The two most common variants have been found in more than 60% and about 20%, respectively, of the cases with this chimeric gene, whereas the remaining types have been seen in only one or two cases. Similar figures are seen for the two dominating variants, out of four reported, of EWSR1/ATF1 transcripts in CCS (Panagopoulos et al. 2002b) . Moreover, more than one chimeric transcript from the same fusion gene may be generated. The presence of different transcripts in the same tumor may be explained by alternative splicing, the significance of which is not known. Different tumor entities that involve EWSR1, have different preferred transcript structures. Whereas joining of EWSR1 exon 7 to one of several alternative exons in the partner gene is dominating in ES, MLS and DSRCT, the most common combinations in CCS and EMC involve EWSR1 exon 8 and exon 12, respectively. However, also in CCS and EMC, about 1⁄4 of the cases show joining of exon 7. Additional, rare variants involving other EWSR1 exons have been found.
Detailed molecular genetic analyses have shown that both of the two chimeric genes generated through a balanced translocation, i.e., 5´-geneA/ 3´-geneB and 5´-geneB/3´-geneA, may be transcribed. Available evidence strongly indicates that only one of the two fusion genes plays a major role in tumorigenesis. Whereas one transcript is invariably found, the other is only present in a subset of the tumors, and then often at levels that require nested PCR for detection. These observations are further supported by the cytogenetic findings ( Figure 2) . In cases where one of the two derivative chromosomes from a translocation has been lost it is always the same derivative chromosome that is retained, indicating the position of the pathogenetically important fusion gene. The same story is told by complex translocations involving 3 or more chromosomes.
Whereas much has been learnt about the molecular genetic consequences of sarcoma-associated translocations, little is known about the causes of these rearrangements. Investigations of the breakpoint junctions at the genomic level have demonstrated that breakage and reunion of DNA is often accompanied by more complex rearrangements; deletions, duplications, inversions or insertions of single or stretches of nucleotides are not uncommon. The search for sequence motifs in or in the vicinity of breakpoints that could explain the formation of translocations has not provided unambiguous information although some motifs that may promote recombination events have been identified (Panagopoulos et al. 1997) . The preferential formation of some fusion gene variants may be explained by the 5´-3´ orientation of genes on the chromosomes involved. This seems to be the case in MLS where a functional FUS-DDIT3 fusion gene can be formed by a simple translocation, whereas additional rearrangements are required to obtain an in frame EWSR1-DDIT3 chimeric gene. However, in EMC this is not a valid explanation for the finding of the skewed distribution of EWSR1-NR4A3 and TAF15-NR4A3, respectively (Panagopoulos et al. 2002a ).
The HMGA2/LPP fusion gene, resulting from a t(3;12)(q28;q15), is an example of a rearrangement that is recurrent but not tumor-specific. It is a common aberration in ordinary lipoma, but has also been described in chondroma of soft tissue and pulmonary chondroid hamartoma (Petit et al. 1996; Rogalla et al. 2000; Dahlén et al. 2003) . Another example of a characteristic but unspecific cytogenetic aberration is the occurrence of supernumerary ring chromosomes. This has been described, in karyotypes with few or no other aberrations, primarily among atypical lipomatous tumor (ALT), low grade malignant fibrous histiocytoma (MFH), DFSP, LGFS and parosteal osteosarcoma (POS) (Örndal et al. 1992; Szymanska et al. 1996; Panagopoulos et al. 2004 ). The identification of these rings long remained a challenge. Their composition has been resolved by FISH and molecular genetic analyses, which have shown that the cytogenetic similarity is, at least to some extent, illusory. In ALT, rings regularly contain material from the long arm of chromosome 12 (12q), but frequently also from other chromosomes, in particular chromosome 1 (Pedeutour et al. 1999; Meza-Zepeda et al. 2001) . Also in POS and MFH, rings containing chromosome 12-sequences have been described. The mechanism of ring formation is unknown, but it has been shown that these mitotically unstable structures constantly reshape through breakage-fusion-bridge cycles, which is an effective mechanism for both loss and amplification of genes (Gisselsson et al. 1999 (Gisselsson et al. , 2000 . Practically without exceptions, the MDM2 gene is included among the amplified sequences. In DFSP, the rings are constructed in another way, which seems to represent a conceptually different genetic mechanism of tumorigenesis. Material from chromosomes 17 and 22 are included in the rings, and the rearrangements of these chromosomes result in a COL1A1/PDGFB fusion gene. Occasionally, instead of a r(17;22) a reciprocal translocation, t(17;22)(q22;q13), is seen. The mitotic instability of the rings results in at least low-level amplification of 17q and 22q sequences (Sirvent et al. 2003) . A similar situation exists in LGFS where a FUS/ BBF2H7 fusion gene is manifested cytogenetically Figure 2. Illustration of different rearrangements giving rise to a fusion gene. A) normal chromosomes 12  and 22, B) Using differently labeled probes for the genes involved, the fusion can be demonstrated by FISH. E, Three-way- either as a balanced or unbalanced t(7;16) or as a supernumerary ring chromosome (Panagopoulos et al. 2004) .
balanced translocation resulting in the formation of two reciprocal fusion genes in the derivative chromosomes. Frequently only one of them is expressed (solid line). C) translocation followed by loss of the derivative chromosome 12. Only the pathogenetically significant chimeric transcript can be expressed. D) insertion of part of chromosome 12 into chromosome 22 resulting in the important fusion gene whose expression can be demonstrated by RT-PCR. By chromosome banding the chromosomes appear to be normal.
The secondary chromosome aberrations in tumors with specific translocations are clearly nonrandom. Many of these aberrations are shared by several tumor types with different primary changes, but the pattern is by no means uniform for all of them. In particular, chromosomes 7, 8 and 12 are frequently involved in numerical changes. Gain of chromosome 8 is seen at frequences ranging from 67% to 10% in CCS, ES, DFSP, EMC, MLS and SS, respectively, but is rare in ARMS (Mitelman Database of Chromosome Aberrations in Cancer 2003). Extra copies of chromosome 12 are common in ES, ARMS, EMC and SS (20-15%), whereas gain of chromosome 7 is preferentially found among CCS, EMC, SS and ES (38-8%). As for chromosome losses, the pattern is more scattered and the frequencies are lower. Chromosomes 3, 6, 10, 14 and 16 are most frequently involved. The localization of breakpoints of structural rearrangements differs between different tumor types, except for most types showing a clustering of breaks at 1p and/or 1q. Unbalanced 1;16-translocations, often resulting in gain of 1q and loss of 16q, are frequently found in ES and ARMS, but also in MLS, as well as in a variety of other neoplasms. There is a distinct difference in the average number of secondary changes among tumor types, ranging from about 1.5 in MLS to 2 for DFSP, 3-3.5 for EMC and ES, 4-4.5 for SS and ARMS and 7 for CCS. Thus, some of these tumor types seem, for unknown reasons, to be more prone to acquire additional aberrations.
Yet another group of tumors is characterized by complex, mostly unbalanced structural and/or numerical chromosome aberrations, and seemingly lacks specific translocations. This is seen in, for example, pleomorphic liposarcoma, leiomyosarcoma, high-grade MFH, malignant peripheral nerve sheath tumor, osteosarcoma and, to some extent, in chondrosarcoma and embryonal rhabdomyosarcoma. Typically, there is an extensive cytogenetic heterogeneity, sometimes with almost no two cells displaying identical chromosome complements, indicating a marked genetic instability. Usually, there is a core of aberrations seen in all metaphase cells; other aberrations are detected at varying clonal proportions, whereas still other changes are seemingly non-clonal. Despite this disparate cytogenetic picture, investigation of larger series of tumors of a particular histotype and review of literature data clearly show that there is some nonrandomness as regards breakpoint localization as well as losses and gains of chromosome segments. Many of the imbalances are shared by different subtypes of BSTT, but also by several epithelial tumors. Cytogenetic signs of gene amplification, i.e., double minutes (dmin) and homogeneously staining regions (hsr), are particularly common in this group of tumors, with frequencies at about 10-20% of the cases. This is in sharp contrast to tumors characterized by specific translocations where such gene amplification is rare; an exception is ARMS with t(1;13), which displays dmin or hsr in 10-15% of the cases.
Most sarcomas contain multiple copy number changes, especially gains and amplifications, detectable by chromosomal CGH (http: //www.helsinki.fi/cmg/cgh_data.html; Tarkkanen and Knuutila 2002) . Although most of these imbalances are secondary in nature and present not only in several BSTTs but also in other malignancies, some of the amplicons are restricted to certain sarcoma subtypes. For some common, recurrent amplicons, candidate target genes have been identified (Table 1) . Recent CGH microarray analyses indicate that there are numerous smaller, novel amplicons that have passed undetected by chromosome CGH (Knuutila 2004) . These microarray results have provided evidence that large chromosomal amplicons actually include separate subamplicons, and that the target genes are different in different sarcoma subtypes.
Diagnosis and prognosis
With the delineation of karyotypic patterns in BSTTs, it has become clear that genetic analyses provide significant diagnostic information. Furthermore, for some tumor types the number of investigated cases has been large enough to allow attempts to identify genetic factors that may be used to increase the prognostic precision. As regards the tumor-specific balanced aberrations, the cytogenetic detection of translocations is quite helpful for confirmation of a suspected diagnosis or sometimes to suggest an alternative diagnosis.
Also, the presence of characteristic, but non-specific, chromosome aberrations may, together with clinical and histopathologic data, add to the diagnostic accuracy. In contrast, the prognostic power of cytogenetic aberration patterns is negligible; alternative translocations associated with a particular tumor type do not seem to have any predictive value, and the impact of secondary chromosome changes, which may be seen as a sign of tumor progression through clonal evolution, is still unclear. However, preliminary data suggest that loss of distal 1p may be associated with unfavorable outcome in ET (Hattinger et al. 1999) , that loss of 13q sequences may be an independent prognostic factor for metastasis in chondrosarcoma , and that breakpoints in chromosome regions 1p1, 1q4, 14q1, and 17q2 and gain of 6p sequences may be associated with increased risk of metastasis in high-grade soft tissue sarcomas .
The situation is different and more promising when it comes to the molecular genetic characterization of fusion genes. For example, several studies have shown that the type of fusion gene is associated with clinical outcome in patients with synovial sarcoma (Ladanyi et al. 2002, and references therein) . Patients with the SS18-SSX2 fusion gene had significantly better median and 5-year overall survival than patients with the SS18-SSX1 variant. Another study where both cytogenetic and molecular genetic analyses had been performed on the same tumors, concluded that the type of gene fusion is a better indicator of clinical outcome than is the tumor karyotype (Panagopoulos et al. 2001 ).
Similar findings have been reported for ET; the most common transcript, which is found in about 60% of the cases, and that joins EWSR1 exons 1-7 with FLI1 exons 6-9, is associated with better prognosis than other fusions of EWSR1 with FLI1 or other genes (e.g., de Alava et al. 1998 ). This correlation is further corroborated by the finding that alternative chimeric proteins show different transactivation capacities in vitro (Lin et al. 1999 ). Among patients presenting with metastatic ARMS, the type of fusion gene seems to be useful to identify high-risk patients and patients with favorable outcome (Sorensen et al. 2002) . In contrast, no predictive value of fusion transcript type could be demonstrated in MLS (Antonescu et al. 2001) .
Hopefully, continued detailed mapping and characterization of genetic changes of BSTTs will provide essential information that can be used clinically. Most likely, new gene fusions, variant transcripts, point mutations, loss and amplification of genes will be identified. It can be expected that CGH microarray will allow a more precise identification of the target genes in amplicons containing multiple genes. These data, alone or in combination with expression analyses and functional studies, could be the basis for improved diagnosis and prognostication and may reveal molecular targets for tailored treatments.
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